An electrically-tunable optical zoom system using liquid crystal (LC) lenses is demonstrated. The mechanism of the optical zoom system is to use two lenses and a camera system to achieve focusing and zooming function. In this paper, we analyzed the imaging conditions and the magnification of the optical zoom system. The relation between the focusing properties of LC lenses and zoom ratio of the optical zoom system is also discussed. The electrically-tunable optical zoom system using two LC lenses has high zoom ratio (~7.9:1 to ~5.5:1), short system length (<10 cm) and the object can be zoomed in or zoomed out continuously at the objective distance of infinity to 10 cm. The potential applications are cell phones, cameras, telescopes and pico projectors.
INTRODUCTION
Electrically tunable optical zoom systems are essential for portable optical applications, such as cell phones, cameras, pico projectors and the night vision of hand-carried weapons [1] [2] [3] . Traditional optical zoom systems which consist of many solid lenses, delicate driving motors and an image sensor are bulky, complicated, and fragile. To realize electrically tunable optical zoom system, several active-focus elements can be adopted, such as liquid lenses [1] [2] , deformable mirrors 3 , and liquid crystal (LC) lenses [4] [5] [6] [7] .The features of LC lenses are low cost, light weight, and no mechanical moving part.
Tam proposed and did a theoretical analysis of electro-optical zoom lenses based on two spatial light modulators and two solid lenses, but did not show the experimental results 7 . Following the analysis, Ye and Valley also demonstrated the electro-optical zoom system. [8] [9] However, the disadvantages of the proposed designs are the discrete magnifications, fixed location of an object, large size of the system (>50 cm), and a small zoom ratio (~2:1). It is important to realize an electrically tunable-focusing optical zoom system based on LC lenses with a small size of the system, a continuous tunable objective distance and a continuous tunable image magnification.
In this paper, we demonstrate a compact electrically tunable-focusing optical zoom system using two LC lenses. The optical principle in the system is investigated first. To obtain a large zoom ratio, we design a composite LC lens which consists of a sub-LC lens and a planar polymeric lens with a fixed negative lens power. The zoom ratio of the optical zoom system reaches up to ~7.9:1 with 10 cm system length. The object can be zoomed in or zoomed out continuously at the objective distance from infinity to 10cm. In addition, optical zoom system with 2 cm system length is also demonstrated. However, the zoom ratio is smaller (~1.9:1) when the system length is reduced. The potential applications are cell phones, cameras, telescopes and pico projectors.
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2. OPERATING MECHANISM Figure 1 depicts the structure of the optical zoom system consisting of a target (or an object), two LC lenses, and a camera system which is focused on an infinite distance. The focal length and the lens power, defined as the inverse of focal length, of the LC object lens are f o and o φ , respectively. The focal length and the lens power of the LC eyepiece lens are f e and e φ , respectively. The distance between the target and the LC object lens is p, the distance between the LC object lens and the LC eyepiece lens is d, and the distance between LC eyepiece lens and the lens is q. A collimated light is incident on the lens in order to collect the incident light into the image sensor. In order to obtain a collimated light right after the LC eyepiece lens, the relation among o φ , e φ , p, and d should be 
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From Eq. (1), the magnification (M) of the optical zoom system in Figure 1 can be written as:
We assume that magnification is positive (i.e the erect image) and the LC lens could be switched as a positive or a negative lens. The lens power of the LC lens isφ and φ has a constraint: a minimum min φ and a maximum max φ 
When e φ equals min φ , the system has a maximum magnification (M max ):
The range of the magnification of the optical zooming system is then limited by M max and M min . The zoom ratio (ZR) of an optical zooming system can be defined as the ratio of M max to M min . From Eq. (3) and Eq. (4), the ZR turns out:
From Eq. (5), the zoom ratio of the system is related to three parameters: min φ , d, and p. In order to obtain a larger zoom ratio, the LC lenses we used in Figure 1 are the composite LC lenses which have small minimum lens power. The composite LC lens consists of a sub-LC lens and a built-in planar polymeric lens. The lens power of the polymeric lens is negative and fixed. The composite LC lens was operated by two voltages, (i.e. V 1 and V 2 or V 3 and V 4 in Fig.1 ). Because the structure of the two LC lenses in the system is identical, we just use the LC object lens to illustrate the LC lens and phase difference (Δδ) can be written as Eq. (7):
Therefore, we can control the applied voltages of the composite LC lenses to adjust lens power of the composite LC lenses continuously and then realize an electrically tunable-focusing optical zoom system with large zoom ratio.
EXPERIMENTAL RESULTS AND DISCUSSION
Composite LC lens
Focusing ability
The detail structure of the composite LC lens for LC object lens and LC eyepiece lens in Figure 1 consists of three 
Response time
The measured response time of the composite LC lens, including the focusing time and defocusing time, is around 3.8 sec when we switched the voltages between (V 1 ,V 2 ) = (80 V rms ,80 V rms ) and (V 1 ,V 2 ) = (80 V rms ,0 V rms ), as shown in Figure 3 (a) and (b). We also measured the response time of the LC lens without the polymeric lens, as shown in Figure   3 
In Eq. (8) 
In the experiments, d g >> d p and d g >> d LC . Eq. (8) and Eq. (9) can be simplified as
Therefore, the response time of the composite LC lens almost equals the LC lens without the polymeric layer. 
Optical zoom
To measure the zoom ratio of the system in Figure. 1, we attached a polarizer on the LC object lens whose transmissive axis is parallel to the rubbing direction. We also placed a target with black squares with the area of 0.55 mm The relation between magnification and the object distance p is already discussed in the previous published literature. 12 The magnification as a function of d which is the distance between two LC lenses is shown in Figure 5 . The maximum magnification (black dot in Figure 6 ) decreases from 2.35 to 1.29 and the minimum magnification (blue triangles in 
CONCLUSION
We have demonstrated electrically tunable focusing optical zoom system by using two composite liquid crystal lenses. The zoom ratio depending on the location of object is up to ~7.9:1 when the size of system is 10 cm. The optical zoom system also can be achieved with smaller size compare with the previous designs. When the size of system is 2 cm, the zoom ratio of the system is ~1.9:1. The object from infinity to 10cm can be zoomed continuously by changing the voltage of two composite LC lenses. Compare with the conventional optical zoom system which needs spaces for optical elements moving, our designed system has a smaller size of the electrically tunable-focusing optical zoom system. However, the zoom ratio of the system decreases when the size of the system decreases. We can increase the tunable lens power range of the LC lenses by improving the birefringence of liquid crystal materials and enlarging the cell gap to maintain the zoom ratio large. Enlarging the cell gap would result in the slow response time and the scattering. To improve the light efficiency and image quality, polarizer-free LC lenses with large aperture size and achromatic designs should be developed. The potential applications are cell phones, cameras, telescopes and pico projectors.
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